The Eph class is the largest family of receptor tyrosine kinases and has been shown to play various roles in neural development including axon path®nding and neural crest migration. EphB2 associates with transmembrane ligands Ephrin-B1 and -B2, which leads to tyrosine phosphorylation of both the ligands and receptor and is presumed to regulate cell-to-cell interactions by bidirectional signaling. We have investigated the biological eects of the EphB2-induced signal in the early stage of Xenopus laevis development. Xenopus EphB2 transcripts were detected maternally and were expressed at equal levels between the ventral and dorsal halves of the gastrulae, with expression increasing after the late gastrula stage. EphB2 mRNA expression in dorsal marginal zone explants from gastrulae increases during later development while that in ventral explants does not. We show here that microinjection of RNA encoding EphB2 into a ventral blastomere of embryos induced a partial secondary dorsal axis which consisted of neural tissues, notochord and somites. Analysis with molecular markers veri®ed that the microinjected EphB2 dorsalized the mesoderm of ventral marginal zone explants. These dorsalizing eects of EphB2 in both the whole embryo and ventral explants were inhibited by the coinjection of RNA encoding the soluble form of Ephrin-B1. Furthermore, co-injection of EphB2 and Ephrin-B1 RNAs synergistically enhanced the dorsalization eect. These data show that the interaction between EphB2 and its ligands including Ephrin-B1 causes signaling events which lead to dorsal development, and strongly suggests the existence of proteins which mediate the dorsalization induced by EphB2 in early stage embryos of Xenopus laevis.
Introduction
The Erythropoietin Producing Hepatocellular (Eph) class of receptor tyrosine kinase consists of approximately 14 members and has been implicated in the control of axon guidance and fasciculation, migration of neural crest cells and compartmentalization in the developing embryo (Cheng et al., 1995; Drescher et al., 1995; Nakamoto et al., 1996; Xu et al., 1995 Xu et al., , 1996 Smith et al., 1997; Orioli and Klein, 1997) . The family of Eph-related receptors can be divided into two classes based on sequence similarity and on their preferential binding to a subset of ligands that are tethered to the cell surface either by a glycosylphosphatidyl inositolanchor (EphA), or by a transmembrane domain (EphB). EphB2 associates with the transmembrane (TM) ligands Ephrin-B1 and Ephrin-B2, and also weakly associates with Ephrin-B3 (Orioli et al., 1997) . Ephrin-B1 (Lerk2) has been shown to be phosphorylated on tyrosine residues after contact with the EphB2 ectodomain, and has a receptor-like intrinsic signaling potential (Holland et al., 1996; BruÈ ckner et al., 1997) .
Studies in mice lacking EphB2 or expressing an aberrant EphB2 product have shown that EphB2 plays a central role in commissural axon path®nding Orioli et al., 1996) . The previous ®nding that the EphB2 receptor and its TM ligands are phosphorylated on tyrosine residues in mouse embryos suggests a role for these molecules in development (BruÈ ckner et al., 1997) . Moreover, transcripts of both EphA1 and EphB2 are known to be overexpressed in some types of human carcinomas (Easty et al., 1995; Hirai et al., 1987; Maru et al., 1988; Kiyokawa et al., 1994) . The observation that various neuroectodermal tumor cell lines express EphB2 transcripts of aberrant sizes (Ikegaki et al., 1995) , also demonstrates that Eph receptors may play important roles in carcinogenesis.
In Xenopus, six Eph family receptors have been isolated to date, including Xek (X-EphB1), Xelk, Pagliaccio (pag/XSek-1), G50 (Xenopus Eck-related receptor), XE10 and TCK. Xek and Xelk are closely related and their transcripts are abundantly present in the central nervous system during late neurula stages, but only at low level in early stage embryos (Jones et al., 1995b; Scales et al., 1995) . Pag has a similar structure to EphA4, and pag RNA accumulates in the marginal zone and neural crest cells and mediates the dierentiation of the cranial neural crest (Winning et al., 1994) . G50 and XE10 belong to EphA2. G50 is also expressed in neural crest cells of the second hyoid arch in the early embryos (Brandli et al., 1995) and XE10 is expressed maternally and throughout early embryogenesis, particularly in both mesoderm and neuroectoderm (Weinstein et al., 1996) . TCK is closely related to EphB3 and TCK mRNA was detected in the dorsal side of the early gastrula and most abundantly in the presumptive cement gland in stage 13, although the level of TCK expression remained fairly constant throughout development (Scales et al., 1995) .
Although there is accumulating knowledge about the functions of Eph receptors in neurogenesis, little is known about the role of these receptors in the early stages of development, during axis determination or mesoderm formation. Recently, levels of transcripts of Xenopus Ephrin-B1 (XLerk) has been shown to be elevated in animal caps in response to activin and basic ®broblast growth factor (bFGF). Moreover, ectopic expression of XLerk in ectodermal explants caused dissociation of Xenopus embryonic blastomeres, which was rescued by bFGF treatment. (Jones et al., 1997 (Jones et al., , 1998 . These reports indicate that Eph receptors and their ligands may also have important roles in determination of mesodermal cell fate in early development.
The downstream cascades of Eph receptors and their ligands are largely unknown except that the activated EphB2 make a complex with p62 phosphoprotein, RasGAP and SH2/SH3 adaptor protein Nck in vivo (Holland et al., 1997) . Complete ablation of the EphB2 receptor caused aberrant commissural axon guidance in the mouse brain, but the targeted expression of EphB2 without the kinase domain produced a normal anterior commissure; suggesting that the EphB2 receptor sends a signal to its ligand, and that the ligand itself may act as a signaling molecule mediating this phenomenon . The absence of information about the eector proteins of the signal sent by the receptor to the ligand motivated us to search for a biological phenomenon which is induced by a receptorinitiated signal in ligand-expressing cells.
In this report, we show that overexpression of EphB2 induces ectopic dorsal development in Xenopus laevis. We propose that the eects of EphB2 depend on the interaction of EphB2 with its ligand(s) including Ephrin-B1.
Results and discussion

Expression of EphB2 induces secondary dorsal axis
To examine endogenous EphB2 expression during Xenopus laevis embryogenesis, we cloned a cDNA encoding the Xenopus EphB2 homolog (XEphB2) from a tadpole cDNA library. A partial cDNA (GenBank accession number AF026039) encoding 815 deduced amino acids which does not contain the presumed 5' end had the highest similarity to EphB2 (86.5% and 86.3% identity of the amino acid level with mouse and human EphB2, respectively), and high similarity with Xenopus EphB1 (XElk, 70.0% identity) (Figure 1 ). The levels of expression of the XEphB2 and its TM ligand, Ephrin-B1(XLerk2) in the whole embryo or ventral marginal zone (VMZ) and dorsal marginal zone (DMZ) explants excised at stage 10 were examined by RT ± PCR analysis. PCR was performed using primers designed against an XEphB2-speci®c region in the cytoplasmic domain, to avoid crossreactivity with other Eph receptors. XEphB2 mRNA was present maternally in eggs and expression was maintained at low level until the gastrula stage (stage 11) and then increased at early neurula stages (stages 13 and 14) and thereafter until tailbud stage embryos (stage 25) (Figure 2a ). The Xenopus Ephrin-B1 was expressed maternally and increased during gastrulation and in the tailbud stages as reported previously (data not shown) (Jones et al., 1997) . In gastrulae, EphB2 transcripts were detected at equal levels in the dorsal and ventral halves, and Ephrin-B1 message levels were slightly higher in the Figure 2b ). In DMZ explants, transcripts of both EphB2 and Ephrin-B1 increased during the gastrula, neurula and tailbud stages (from stages 11 ± 35 in Figure 2c ). In VMZ explants, the level of expression of EphB2 RNA decreased at the tailbud stage in culture, in contrast to the relatively constant expression of Ephrin-B1 RNA.
To explore the potential role of EphB2 and EphB2-binding ligands in embryonic development, in vitro synthesized capped mRNA encoding mouse-EphB2 was microinjected into a ventral blastomere of Xenopus embryos at the eight-cell stage. The most frequently observed whole-embryo phenotype was one in which a secondary dorsal axes formed at the site of injection. As a consequence, an additional neural fold on the ventral side was clearly formed at the neurula stage ( Figure 3a ). When EphB2 mRNA (1 ng RNA/ embryo) was injected, 30% of the surviving embryos had a partial secondary dorsal axis at the tadpole stage which did not include anterior-dorsal structures, such as the eye and cement gland (Figure 3b and c). This eect was dose-dependent such that the frequency of this phenotype rose as the amount of injected RNA increased (Table 1 ). Histological analysis veri®ed that the dorsal tissues in the secondary axis contained the neural tube, notochord and somites, but no eye and cement gland as mentioned ( Figure 3d ). This result suggests that EphB2 contributes to induction of a posterior-dorsal structure.
EphB2 interferes with mesodermal patterning
We next examined whether the formation of a secondary dorsal axis by EphB2 was mediated directly through the interference of dorso-ventral patterning of mesoderm. Ventral marginal zone (VMZ) explants from embryos that had been microinjected with EphB2 mRNA were assayed by RT ± PCR to detect the expression of various mesodermal marker genes. The VMZ explants isolated from normal embryos become spherical and form ventral mesodermal tissues like blood cells and mesothelial cells when they are cultured in saline solution for 8 h (Figure 4a ). In contrast, the VMZ explants injected with EphB2 RNA underwent morphogenetic movements resulting in elongation, just like normal dorsal marginal zone explants ( Figure 4b ). Histological analysis of VMZ explants harvested when the sibling embryos reached the tadpole stage indicated dierentiation into muscle and neural tissues (data not shown). The over- RT ± PCR analysis of Xenopus EphB2 and Xenopus Ephrin-B1 mRNA expression in the whole embryo and the marginal explants during development. Total RNA was isolated from the whole embryos (a) or embryos dissected into dorsal (D) and ventral (V) halves at the gastrula stage as indicated (b) or from explants excised at stage 10 and cultured until the indicated stage (c) and used for RT ± PCR. Elongation factor 1a (EF1a) and Ornithine decarboxylase (ODC) served as controls for RNA levels of each sample. In (c), the template level was normalized by EF1a between the whole embryos, VMZ and DMZ explants at each stage. Staging was according to Nieuwkoop and Faber. WE; whole embryo. RT (7); a control reaction without reverse transcriptase EphB2 conveys dorsalizing signal M Tanaka et al expression of EphB2 upregulated the dorsal mesoderm marker goosecoid and muscle actin whereas the ventral mesoderm marker, a-globin was repressed by EphB2 in the injected VMZ explants cultured to the corresponding tadpole stage (stage 25) (Figure 4c) . Likewise, the expression of the neural marker NCAM was dosedependently induced by EphB2 expression (Figure 4c ). EphB2 may respecify the fate of mesodermal cells.
We have also tested whether microinjection of EphB2 mRNA can dorsalize mesoderm induced by bFGF in the Xenopus blastula ectodermal explant (animal cap) assay. When animal caps are cultured in saline solution, they dierentiate into ciliated epidermis. In contrast, when such explants are treated with bFGF, mesothelium and ventral mesoderm are generated (Slack, 1991) . RT ± PCR analysis revealed that expression of EphB2 in bFGF-treated animal caps induced the expression of dorsal mesodermal marker goosecoid when the sib embryos reached to the gastrula stage, in contrast, it inhibited the expression of ventral mesodermal marker a-globin at tadpole stage (Figure 4d ). The expression level of brachyury was not signi®cantly altered compared with that in the bFGF-treated explants from uninjected control embryos. Furthermore, the expression of brachyury was induced weakly in animal caps derived from EphB2-injected embryos even without bFGF treatment, although expression of NCAM was not detected in animal caps by RT ± PCR (data not shown). These results may suggest that EphB2 induce mesoderm in the absence of exogenous signals, and changed potential fate of the mesodermal cell in bFGF treated ectodermal explants from ventral to dorsal. Several factors localized to the Spemmann organizer are known to induce a secondary dorsal axis. These include goosecoid, chordin, noggin, Xnr-1,2 (nodalrelated gene), Xlim-1 and Siamois (Cho et al., 1991; Sasai et al., 1994; Smith and Harland, 1992; Jones et al., 1995a; Taira et al., 1994; Lemaire et al., 1995) . Furthermore, BMP antagonists must be considered. Dominant-negative mutant of BMP receptor respeci®es the ventral mesoderm to dorsal mesoderm, and induces the secondary body axis Gra et al., 1994) . However, ectopic EphB2 expression did not signi®cantly alter the levels of expression of a-globin in animal caps explanted from BMP4-injected embryos (data not shown). EphB2 may act together with some other gene products to induce complete axial development. It is also possible that some of those molecules mediate the EphB2-induced signal transduction pathway, which should be elucidated by further analysis including in-situ hybridization of Xenopus EphB2 RNA.
The developmental eect of EphB2 depends on the interaction with its ligands
We were interested in whether this`dorsalization' due to exogenously expressed EphB2 is dependent on the interaction with its ligands. We also sought to con®rm that Ephrin-B1, the best characterized ligand of EphB2, is involved in EphB2-induced dorsalization. To address these questions we fused the soluble forms of EphB2 (DEphB2) and Ephrin-B1 (DEphrin-B1) with a hemagglutinin (HA) epitope tag at their C termini. Western blotting with anti-HA antibodies showed that all proteins were expressed in microinjected embryos (Figure 5b, top) . Soluble forms lack the transmembrane and cytoplasmic domains and are supposed to lose the ability to interaction with cytoplasmic proteins without aecting the ligand or receptor binding activity, which was con®rmed by the immunoprecipitation using epitope-tagged EphB2 and Ephrin-B1 (Figure 5b, bottom) . We microinjected EphB2 RNA together with excess RNA encoding soluble Ephrin-B1 or soluble EphB2 to determine whether the dorsalizing eects of wild-type EphB2 would be inhibited.
EphB2-induced muscle actin expression in ventral explants was inhibited by co-injection of DEphrin-B1 mRNA in a dose-dependent manner, but not by coinjection of DEphB2 (Figure 5a ). Consistent with this result, co-injection of DEphrin-B1 but not DEphB2 inhibited the secondary axis formation induced by EphB2 as summarized in Table 1 . From these results, we concluded that the dorsalizing signal induced by EphB2 depends on the interaction between the exogeneously expressed (microinjected) receptor and its endogenous ligand(s), which DEphrin-B1 may compete with. One of the ligands, Ephrin-B1 is expressed endogenously at this stage as previously stated.
We also tried to quantitate the dorsalizing eect of the interaction of EphB2 with Ephrin-B1 by measuring muscle actin RNA in VMZ explants of microinjected embryos in order to examine the synergistic eect of EphB2 and Ephrin-B1. Compared with EphB2, exogenously expressed Ephrin-B1 had less ability to induce a secondary dorsal axis and dorsal mesoderm in VMZ explants Table 1, Figure 5a ). Co-injection of EphB2 and Ephrin-B1 RNAs showed a clear synergistic induction of muscle actin synthesis in VMZ explants (Figure 5a ). We have con®rmed the tyrosine phosphorylation of EphB2 receptor expressed in VMZ explants in this experiment (Figure 5c ). Moreover, level of phosphorylation of expressed EphB2 was much higher when it was co-injected with Ephrin-B1 RNA than with the single injection of EphB2 RNA. The tyrosine phosphorylation shown at 45 KD in EphB2 injected VMZ explants (Figure 5c , right) may indicate that endogenous Ephrin-B1 was phosphorylated, although we could not successfully con®rm it by immunoprecipitation of endogenous Ephrin-B1 in EphB2 injected VMZ explants. In contrast, a single injection of Ephrin-B1 did not cause tyrosine phosphorylation, which may suggest that endogenous EphB2 protein in ventral explants is not sucient to activate the microinjected Ephrin-B1. However, we cannot currently safely conclude that the dorsalizing signal depends on the phosphorylation of EphB2 and its ligands.
The inhibition of EphB2-induced dorsalization by soluble Ephrin-B1, but not by soluble EphB2 and the synergistic dorsalizing eects of EphB2 and Ephrin-B1 may suggest a model in which EphB2 works as a stimulator, and its ligand(s) including Ephrin-B1 are signaling molecules for dorsalization. Microinjection of RNA encoding kinase domain-deleted EphB2 also induced partial secondary dorsal axes in the whole embryos which were indistinguishable from that shown in Figure 2 , although at a lower frequency (data not shown). Kinase domain-deleted EphB2 might also stimulate its ligands most probably by causing clusterization of ligands on cell membrane, and transduce the signal in EphrinB1-expressing cells. The fusion protein containing the extracellular domain of EphB2 fused to the Fc region of the immunoglobulin heavy chain also binds to the extracellular domain of TM ligands and subsequently phosphorylates the ligand (Holland et al., 1996) . The possibility of this directional signaling from EphB2 to Ephrin-B1 (or Ephrin-B1 like endogenous ligands) which leads to dorsalization should be clari®ed by further analysis.
Finally, we expected that the microinjection of soluble Ephrin-B1 RNA into the dorsal blastomeres at 4-cell-stage embryos would override the dorsalization (oppose the eects of EphB2). However, soluble Ephrin-B1 injected into embryos did not show any EphB2 conveys dorsalizing signal M Tanaka et al apparent ventralized phenotypes, although a few embryos showed small eyes or microcephalus which might indicate very mild ventralization (data not shown). On the other hand, dorsal injection of EphB2 did not induce hyperdorsalized phenotypes (enlarged head structures). These observations probably imply that there is also a redundancy in the function of these molecules in the organizer region. It is possible that other members of Eph receptor besides EphB2 may play a role in physiological axis determination. Further experiments of the comparison of embryo's phenotypes induced by EphB2 and the other members of Eph class receptors may clarify this possibility. Alternately, EphB2 may only be capable of respecifying ventral mesoderm. It is important to identify the molecules in the Eph and Ephrin families which determine physiological axis formation in Xenopus embryos. In neural tissues, some of the Eph receptors and their ligands are expressed reciprocally in the adjacent group of cells, and are thought to function in cell-to-cell contact (Pasquale, 1997) . For example, in the mouse Ephrin-B ligands are expressed in the anterior commissure axons, whereas the EphB2 receptor is expressed in the surrounding neurons, and mediates the axon guidance of the anterior commissure . In avians, eph receptors and their ligands are involved in interactions between neural crest and sclerotomal cells to constrain neural precursors to speci®c territories in the developing nervous system (Smith et al., 1997; Krull et al., 1997) . Microinjections resulting in co-expression of EphB2 and Ephrin-B1 in the same cells may disturb the normal pattern of expression of these molecules. Further analysis including the precise localization of EphB2 protein and its ligands in early stage embryos will more precisely de®ne the role of these bidirectional signals which may orchestrate cell reorganization in dorso-ventral axis formation. Dorso-ventral patterning is a grand design for early development of all the vertebrates. Among the molecules known to make a complex with EphB2, the SH2/SH3 adaptor Nck has been proposed to be involved in the signals that establish dorso-ventral patterning (Tanaka et al., 1997) . A commitment of interaction between EphB2 and its ligands in dorsoventral patterning described here will provide a clue for further mechanistic understanding of signal transductions in early development. In particular, the ventral marginal zone of the early stage embryos we used here will be a focus of further studies to disclose the presumable critical eector proteins of EphB2 and its ligands underlying such function.
Materials and methods
cDNA cloning
cDNA was synthesized from poly(A) + RNA of stage 36 Xenopus laevis embryos using oligodeoxythymidylate primers and Moloney murine leukemia virus reverse transcriptase (BRL). The PCR was carried out for 25 cycles using degenerate primers corresponding to two highly conserved regions in the cytoplasmic domain of mouse and human EphB2. A Xenopus cDNA library was screened with the RT ± PCR ampli®ed product as a probe. The sequence of independent clones on both strands was determined by the dideoxynucleotide chain termination method according to standard procedures (Sambrook et al., 1989) .
Plasmids and in vitro transcription
Plasmids encoding full length cDNAs of mouse EphB2 (Nuk) and human Ephrin-B1(Lerk2) were a gift from T Pawson and R Klein, respectively. Hemagglutinin epitopetagged mutant EphB2 and Ephrin-B1 which lack the transmembrane and cytoplasmic domains DEphB2 and DEphrin-B1, respectively) were generated using a PCRbased technique (Tanaka et al., 1997) . All constructs were subcloned into the pGHXP plasmid vector (a derivative of pGEM-HE, a gift from L Zon). In all cases, two independent PCR clones were characterized and had identical properties. Capped synthetic mRNAs were generated as described (Krieg et al., 1989) by in vitro transcription of linearized pGHXP vectors with the inserts.
Embryos, microinjections and explant culture
Fertilized embryos were prepared as described (Newport et al., 1982) . Staging was according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1967) . RNA was microinjected following published procedures (Tanaka et al., 1997) . Ventral marginal zone (VMZ) and dorsal marginal zone (DMZ) explants consisted of a 908 wedge of the marginal zone of gastrulae at stage 10. The explants were taken from the region above the plane of the dorsal blastopore lip for DMZ and the region opposite to the dorsal blastopore lip for the VMZ. Ectodermal explants (animal caps) were excised at stage 8 and cultured in 0.66Marc's Modi®ed Ringer's (16MMR; 100 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 5 mM HEPES) containing 0.5 mg/ml bovine serum albumin with or without basic FGF at concentration of 500 ng/ml (Upstate Biotec. Inc.) for 2 h.
RNA isolation and RT ± PCR
Total RNA was prepared from 10 VMZ explants, 10 animal caps or ®ve ventral or dorsal halves of embryos dissected at the gastrula stage and examined by RT ± PCR according to standard procedures. Polymerase chain reactions (PCRs) were performed in a 25 ml reaction volume in the presence of a trace amount of [a 32 P]dCTP at an annealing temperature of 558C and 20 cycles for EF1a and ODC and 25 cycles for others. The sequences of primer pairs used for RT ± PCR will be gladly provided on request.
Histological analysis
Embryos and explants were ®xed in 0.1 M Mops, 2 mM ethylene glycol bis(b-aminoethyl ether)-N,N,N',N'-tetraacetic acid, 1 mM MgSO 4 and 3.7% formaldehyde for 1 h and embedded in para®n and sectioned at 5 mm. Sectioned tissue was stained with hematoxylin and eosin.
Immunoprecipitation and Western blot analysis
Embryos were lysed in TXB buer (10 mM Tris 7.4, 150 mM NaCl, 5 mM EDTA, 10% glycerol, 1 mM sodium orthovanadate, 1% Triton X-100 plus proteinase inhibitors). 1 mg of monoclonal or 5 ml crude rabbit serum was incubated with lysate for 2 h at 48C and precipitated with Protein G agarose (Pharmacia). The resulting immunoprecipitates or tissue extracts were boiled in sample buer for 3 min and separated by electrophoresis in a 10% SDS-polyacrylamide gel. Western blotting was performed by standard procedures using alkaline phosphataseconjugated secondary antibodies and nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) substrates for detection (Harlow and Lane, 1988) . The monoclonal antibody against myc epitope tag was from Santa Cruz Biotech. Inc., and polyclonal antihemagglutinin epitope (HA.11) was from BAbCO. Rabbit polyclonal serum against mouse EphB2 was a gift from EB Pasquale, and Ephrin-B1 (anti-Lerk2B) was a gift from R Klein. The anti-phosphorylated tyrosine antibody (PY-20) for immunoblotting was from Transduction Laboratories.
Abbreviations VMZ, ventral marginal zone; DMZ, dorsal marginal zone; RT ± PCR, reverse transcription-polymerase chain reaction; TM, transmembrane; RTK, receptor tyrosine kinase; FGF, ®broblast growth factor; MMR, Marc's Modi®ed Ringer's.
